THE ADULT MAMMALIAN HEART has limited ability to regenerate, and after myocardial infarction (MI) the lost myocardium is typically replaced with fibrotic scar tissue. Although the scar can withstand elevated filling pressure, it does not conduct electricity or actively contract, leading to adverse cardiac remodeling and eventually to heart failure. Once heart failure develops, the prognosis for the patient is poor. Despite therapeutic advances in recent decades, the five-year mortality rate of heart failure is close to 50% (2) . Therapies that facilitate survival or regeneration of damaged myocardium after ischemic injury in the human heart are urgently needed and would have enormous social and economic impact.
The adult mammalian heart has been traditionally regarded as a postmitotic organ with no regenerative capacity. However, this dogma has been refuted by some recent landmark studies.
For example, compelling data demonstrated that new cardiomyocyte formation takes place at an annual rate of 0.45-1.0% in the adult human heart (4, 5) . Moreover, a number of putative cardiac progenitor cell (CPC) populations have been described in the adult mammalian heart by many groups (12, 23, 28, 30) . Some of the CPCs are shown to be capable of differentiating into cardiomyocytes, endothelial cells, and smooth muscle cells and thus may represent promising cell populations for cardiac regeneration. However, CPCs are rare in the adult mammalian heart, and they are difficult to isolate and expand in vitro, making it challenging to use these cells routinely in drug discovery. Recent advances in induced pluripotent stem cell (iPSC) technologies have now made it possible to produce human CPCs on a large scale (29) . These cells can be used for interrogation of relevant human biology and in screening campaigns for drug discovery as well as for cell therapy (26, 27, 31) . Different markers have been used to identify CPCs, and it is currently unclear which set of markers is the most appropriate to use to identify the most potent CPCs. When a comparison of many of the various populations of CPCs that have been described, the cardiac transcription factor NKX2.5 emerges as a common key marker (7, 12, 35) . Based on these data, human iPSC-derived NKX2.5-positive CPCs have been used in a robust phenotypic screening platform to identify molecules capable of inducing CPC proliferation and differentiation to the cardiac lineage (9) . Moreover, recent studies have shown that a few selected key cardiac transcription factors can directly reprogram mouse fibroblasts into induced CPCs. These multipotent induced progenitors have the ability to differentiate to cardiomyocytes, smooth muscle cells, and endothelial cells in vitro as well as in vivo in post-MI mouse hearts (20) .
Another cell type relevant to cardiac regeneration is epicardium-derived cells (EPDCs), which have been shown to be an important cell and signaling source for heart development and post-MI heart repair (25) . During heart development in mice, EPDCs contribute to formation of different cardiac cell types and secrete trophic factors for myocardial maturation (25) . In the adult heart, EPDCs are quiescent under normal conditions and become activated after myocardial injury. In zebrafish, organ-wide activation of epicardium in response to injury has been shown to be critical for heart regeneration, through facilitation of new vasculature and stimulation of cardiomyocyte proliferation via release of paracrine factors (15) (16) (17) 21) . Following MI in mice, EPDCs undergo an epithelial-to-mesenchymal transition, characterized by expression of Wilms tumor protein 1 (WT-1), and they have been shown to have the capacity to differentiate into several lineages (44) , although the default lineage is smooth muscle/fibroblast (45) . In addition to contributing to the formation of new cells, EPDCs have been demonstrated to secrete various paracrine factors, such as vascular endothelial growth factor-A (VEGF-A), FGF2, and PDGF-CC, which promote the growth of blood vessels, protect the myocardium, and improve heart function in a mouse model of acute MI (45) .
Both CPCs and EPDCs are activated after MI, and they may influence each other through paracrine mechanisms or direct interactions. Winter et al. (43) reported that cotransplantation of CPCs and EPDCs in mice resulted in better improvement of cardiac function than either cell type alone, suggesting a synergistic effect. Currently, efforts are being made to discover and develop therapeutic molecules to increase the number of CPCs and EPDCs (9, 25) . To better understand the characteristics and therapeutic potential of CPCs and EPDCs, as well as the regulatory mechanisms, we performed transcriptomic analysis of human iPSC-derived CPCs and human primary EPDCs and discovered unique gene expression profiles for each cell type.
Hypoxia has been reported to affect the survival, proliferation, and differentiation potential of progenitor cells (18, 19) . In most in vitro assays, the cells are cultured and maintained in 20% oxygen, whereas in situ the CPCs and EPDCs exist in an environment of much lower oxygen, particularly during myocardial ischemia. To make sure that the biological and pharmacological findings in cell assays under ambient oxygen conditions are relevant to the in vivo situation, it is important to understand the effect of hypoxia on the behavior, gene expression, and paracrine profiles of the cells. In the present study, we also studied the effect of hypoxia on the transcriptome of human iPSC-derived CPCs and human primary EPDCs. Our data demonstrate that the effect of hypoxia was modest and only affected the expression of a limited number of genes related to glycolysis and cell survival.
MATERIALS AND METHODS

Cell Isolation and Culturing
Human iPSC-derived CPCs (hereafter only referred to as CPCs) were obtained from Cellular Dynamics International (iCell Cardiac Progenitor Cells). Briefly, the differentiation process was initiated by formation of aggregates of human iPSCs in Essential 8 medium (Life Technologies, Madison, WI) with 200 ng/ml basic fibroblast growth factor (bFGF), 1 M H1152 (EMD Scientific, Billerica, MA), and 25 g/ml gentamicin (Invitrogen, Life Technologies). After formation, cell aggregates were cultured in DMEM (Fisher Scientific, Waltham, MA) containing 5 or 10% fetal bovine serum (FBS, Fisher Scientific) and the same supplements before being transitioned to medium supplemented with 6 ng/ml Activin A and 10 ng/ml BMP4 (Fisher Scientific). After 8 days of culture, dissociated aggregates were cryopreserved. For experiments, three different batches of CPCs were thawed in William's E medium with Cocktail B supplement (Thermo Fisher Scientific) and 25 g/ml gentamicin and plated at 120,000 cells/cm 2 .
EPDCs were isolated and cultured from the right atrial appendages excised during cardiac surgery from four adult patients. All experiments with human tissue specimens were carried out according to the official guidelines of the Leiden University Medical Center and with the approval of the institutional ethical committee.
The layer of epicardium was stripped and minced into small pieces. The tissue pieces were cultured in a 1:1 mixture of low-glucose DMEM and medium 199 (M199) containing 100 U/ml penicillin, 100 g/ml streptomycin, 10% fetal calf serum (FCS, Invitrogen), and 2 ng/ml bFGF (Sigma-Aldrich, St. Louis, MO). The addition of bFGF stimulated outgrowth of cells from the tissue pieces and proliferation of the cells (3) . When the outgrowth of the epicardial cells was confluent, the cells were detached from the surface of the culture dish with trypsin/EDTA (Invitrogen) solution. The cells were seeded at high density and cultured in a 1:1 mixture of DMEM and M199 supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and 10% FCS and frozen at passage 3. For experiments, cells from each of the four donors were expanded to passage 6 -9 and then plated at 40,000 cells/cm 2 . After 24 h, the medium was changed on both the CPCs and the EPDCs, and the cells were placed into hypoxic (3% O2) or normoxic (20% O2) incubators for 24 h prior to RNA extraction. Thus, three biological replicates of CPCs in normoxic condition and three corresponding replicates of these samples under hypoxic condition, and four biological replicates of EPDCs under normoxic condition and four corresponding replicates of these samples under hypoxic conditions are included in this study design. In total, the study consists of 14 samples/arrays.
Immunocytochemistry
Cells were fixed for 20 min in 4% formaldehyde and then stained with rabbit anti-NKX2.5 (Abcam, Cambridge, UK), rabbit WT-1 (Abcam), mouse anti-CD73 (Abcam) or Islet-1 (rb, Abcam) overnight before being counterstained with either Alexa Fluor-594 donkey anti-rabbit or Alexa Fluor-488 donkey anti-mouse (Life Technologies) for 1 h and Hoechst 33342 for 10 min. Plates were imaged on an ImageXpress Micro system (Molecular Devices) at ϫ20.
RNA Extraction and Microarray Experiments
The cell samples were collected using lysis solution (RNeasy Miniprep kit, Qiagen). Total RNA was extracted using semi-automatic prepstation (Qiacube, Qiagen) with a DNase digest. Quantification of nucleic acids was performed on NanoDrop ND-1000 (NanoDrop, http://www. nanodrop.com). The quality of the RNA and cDNA, labeled by in vitro transcription, was verified using a 2100 Agilent Bioanalyzer. To measure the mRNA levels, fragmented cDNA was hybridized at 45°C for 16 h to whole transcript HuGene ST 1.0 arrays (Affymetrix, http:// www.affymetrix.com) at Swegene Center for Integrative Biology at Lund University (SCIBLU) Genomics (Lund, Sweden). The microarrays were scanned on a GeneChip Scanner 3000 7G (Affymetrix), and expression signals were extracted and normalized by means of the Expression Console (Affymetrix) v.1.1.2 applying the robust multichip average (RMA) normalization method. The microarray data follow the MIAME standard. The raw expression dataset is available at ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/), accession number E-MTAB-4609.
Data Analysis
After the RMA normalization, the data were filtered from transcripts that are expressed at close to background level (log 2 Ͻ 5) in all samples analyzed. The filtering threshold was chosen based on our previous studies including both undifferentiated hPSCs and their differentiated progenies (34, 37, 38) . The threshold value is ϳ5 on the log 2 scale and represents the level for several pluripotency markers, which are not expected to be expressed in the differentiated cells. In total 27,679 probes passed this filtering criteria and these were considered for subsequent analysis.
Identification of Differentially Expressed Genes between CPCs and EPDCs
To identify differentially expressed genes between the CPCs and the EPDCs under normal oxygen conditions, the significance analysis of microarrays (SAM) algorithm (40) was applied using the R package siggenes. A false discovery rate (FDR) of Յ 0.05 was considered significant. The list of significant genes was further filtered on fold change (FC) Ͼ 2. Only normoxia samples were included in this analysis.
Identification of Genes Affected by Hypoxic Culture Conditions in CPCs and EPDCs
To investigate the effect of culturing the CPCs and EPDCs under hypoxia vs. normoxia, each cell preparation was maintained under hypoxia for 24 h or under normoxia before harvest. In general, the effects on gene expression from the hypoxic culture conditions varied in magnitude, causing difficulties in using appropriate statistical algorithms for assessment because of high standard deviation. Therefore, instead we used the FC values for each transcript, which were calculated between paired samples of hypoxia and normoxia for both the CPCs and the EPDCs. The transcripts that show Ͼ50% induction or repression due to hypoxic stimulation were considered differentially expressed.
Gene Ontology Annotation and Pathway Enrichment Analyses
To further investigate the functional properties among the genes (Suppl. File S1) identified from comparisons of the different groups described above, the Cytoscape ver. 3.2.1 (33) together with the ClueGO plug-in (6) was applied. 1 For the Gene Ontology (GO) annotation enrichment analysis, "Grouping" was used as "View style setting" and for the Gene Ontology enrichment analysis the Biological Process annotations (updated per 17th of November 2015) was used with evidence code "All experimental." Annotations from GO levels 5-8 that were annotated to a minimum of five genes in the input list were considered for further analysis. Only annotations with FDR Ͻ0.001 are reported, and "Selected ontologies" was used as the reference set and the "GO term grouping" was applied. GO-term weighting algorithms were also evaluated (1) and showed overlapping results with the ClueGO.
To identify pathways that were significantly overrepresented among the lists of differentially expressed genes, we analyzed pathways represented in the KEGG database (14) . The default "kappa score" (0.4) was used to indicate groups of pathways with shared genes and only pathways with FDR Ͻ 0.05 and a minimum number of five genes among the input genes were considered. "Significance" 1 The online version of this article contains supplemental material. was used as "View style setting," and "Selected ontologies" was used as the reference set.
Protein-protein Interaction Analysis
To further investigate the functional properties of the differentially expressed genes in each cell types we performed a protein-protein interaction analysis to identify putative functional modules and hub proteins among the most highly upregulated genes (FC Ͼ 7). STRING software (http://string-db.org) (39) version 10 was used for this analysis with medium confidence score (0.400) and excluding interactions based on text mining.
Analysis of Gene Expression of Paracrine Factors in CPCs and EPDCs
A detailed investigation of the mRNA expression of genes that code for some key paracrine factors was performed in CPCs and EPDCs. In total 92 predefined biomarkers for cardiovascular diseases (http://www.olink.se, Proseek Multiplex CVD I) were selected and analyzed. Only the data from the normoxia culturing conditions were used in this analysis, and the genes that significantly differ (FDR Ͻ 0.05) in expression between the two cell populations are reported.
RESULTS
Hierarchical Clustering of Global Transcriptomics Data
To investigate the variability in the data, we performed hierarchical clustering, which showed a clear separation between the CPC and the EPDC samples. Moreover, paired samples of normoxia and hypoxia for each of these cell types cluster closely together with only one exception (Fig. 1A) . This result indicates rather small transcriptional effects of the cells after the 24 h hypoxia stimulation compared with the more distinct differences between the CPCs and the EPDCs.
Expression of Key Markers in CPCs and EPDCs
We selected 10 marker genes representing different stages of cardiac differentiation, and their mRNA expression was measured using microarrays in the CPCs and EPDCs obtained from normoxic culture conditions. POU5F1 and NANOG are markers of undifferentiated pluripotent cells; NKX2.5 and ISL1 represent cardiac progenitor markers; WT1, ENG, THY1, and ALDH1A2 are markers of EPDCs; and MYH6 and TNNT2 are cardiomyocyte markers. As shown in Fig. 1B , some of these genes showed similar expression levels in both cell types (NKX2.5 and MYH6). However, ENG and THY1 were substantially more highly expressed in EPDCs than in CPCs. WT1 and ALDH1A2 were also more highly expressed in EPDCs than in CPCs, but the differences were less dramatic. On the other hand, ISL-1 and TNNT2 showed higher expression in the CPCs. The mRNA expression of both POU5F1 and NANOG was detected in CPCs and EPDCs, although at very low levels compared with what is typically observed in undifferentiated human pluripotent stem cells. Moreover, expression of MYH6 was also detected at similarly low levels, suggesting that these cells are neither pluripotent nor differentiated cardiomyocytes, typical characteristics of progenitor cells. Overall, the patterns of expression for the 10 marker genes align well to what previously has been reported for CPCs and EPDCs (8, 12, 27) . The rightmost column indicates fold change between the mean value of the cardiac progenitor cells (CPCs) and the mean value of the epicardium-derived cells (EPDCs).
To investigate the homogeneity in the CPC and EPDC cultures, we performed immunocytochemistry and stained for WT-1 and CD73 in EPDCs, and Nkx2.5 and Islet-1 in CPCs. As shown in Fig. 1C , the EPDC cultures are highly homogenous with regard to positive immunostaining for WT-1 and CD73. Similarly, the CPC cultures consist mainly of cells staining positive for Nkx2.5 and Islet-1.
Differentially Expressed Genes between CPCs and EPDCs Maintained under Normoxia
To identify genes that were significantly differentially expressed between the CPCs and the EPDCs, we applied the SAM algorithm, which estimates the FDR, on all samples obtained from cells cultured in normoxia. Significantly up-or downregulated genes in the two groups of samples were identified with FDR Ͻ 0.05 and FC Ͼ 2 as a combined selection criterion. In total 3,289 mRNAs were identified as differentially expressed between these two populations. Of these, 1,910 showed higher expression in CPCs than in EPDCs (Suppl . Table S1 ), and 1,379 were more highly expressed in EPDCs than in CPCs (Suppl. Table S2) . Tables 1 and 2 show the top 30 genes with largest differences in each of the two cell populations.
GO annotation enrichment. To map the functional properties of the significantly upregulated genes in the CPCs and the EPDCs, respectively (Suppl. Tables S1 and S2), a GO enrichment analysis was performed using Cytoscape (33) with the ClueGO plugin (6) . The results show that the genes that show upregulation in the CPCs are highly involved in processes related to cell division and DNA replication as well as in the organization of cytoskeleton. A large fraction of the genes are involved in cardiac muscle cell action potential and regulation of contraction ( Fig. 2A) . With regard to the genes that are upregulated in the EPDCs, a large fraction of these are involved in regulation of apoptosis, signal transduction, and kappaB signaling. Other significantly overrepresented annotations are related to vascular development and regulation of cell-cell adhesion (Fig. 2B) .
Pathway analysis. To investigate which pathways that are upregulated in CPCs and in EPDCs, pathway analyses were performed using each of the lists of differentially expressed genes (Suppl. Tables S1 and S2). Notably, there were many more significantly overrepresented pathways identified in the EPDCs than in CPCs. Using a threshold of FDR Ͻ 0.05, we identified 14 pathways as overrepresented among the 1,910 significantly upregulated genes in the CPCs and 64 pathways as overrepresented among the 1,379 significantly upregulated genes in the EPDCs (Fig. 3, A and B) .
Protein-protein interaction analysis. To further investigate the interactivity among the upregulated genes in these cell types we performed a protein-protein interaction analysis to identify putative functional modules and hub proteins in CPCs and EPDCs, respectively. For this analysis we used significantly upregulated genes with FDR Ͻ 0.05 and FC Ͼ 7 as input to the STRING software (210 genes for CPCs and 278 genes for EPDCs), applying parameter settings as described in MATERIALS AND METHODS. Results from this analysis show interesting functional modules and hub proteins among the upregu- The rightmost column indicates fold change between the mean value of the CPCs and the mean value of the EPDCs.
lated genes in both cell types (Fig. 4, A and B) . Interaction networks with three or fewer proteins are not included in the results. Notably, much higher interactivity was observed for the EPDCs than for the CPCs (Fig. 4) .
Effect of Hypoxia on Gene Expression in CPCs and EPDCs
To investigate the hypoxic response in CPCs and EPDCs, we maintained the cells in hypoxic conditions in parallel to normoxic conditions for 24 h. The cells were subsequently harvested, and the difference in gene expression was determined. It is interesting to note that culturing the cells under hypoxic conditions had very little effect on gene expression in both CPCs and EPDCs. Overall, the CPC population was more sensitive to hypoxic stimulation than the EPDCs. In total 35 genes demonstrated at least 50% increased gene expression after hypoxia stimulation in CPCs compared with 16 genes in the EPDCs. Five of these genes (AK4, ALDOC, BNIP3P1, PGK1, SLC2A1) were overlapping between CPCs and EPDCs. We also observed two specific genes in each population (no overlap) that were repressed after hypoxia stimulation (Fig. 5A) . The complete lists of all genes that were affected by hypoxia are shown in Tables 3 and 4. The genes LDHA and HAVCR1 showed the highest average increase with an average FC of 3.8 for the CPC samples. Figure 5B shows a bar plot of the FCs in gene expression after hypoxia for the five genes that were upregulated in both CPCs and EPDCs.
Expression of Paracrine Factors in CPCs and EPDCs
Although the mechanisms by which stem cell-based therapy and/or activation may contribute to cardiac regeneration are still unknown, paracrine signaling appears to play a significant role. Thus, we were interested in investigating in detail the expression of genes for paracrine factors in CPCs and EPDCs. In total 92 genes from a predefined panel of biomarker for cardiovascular diseases (http://www.olink.se, Proseek Multiplex CVD I) were investigated. This analysis only included the normoxia conditions, and genes that significantly differed (FDR Ͻ 0.05) in expression between CPCs and EPDCs were identified. In total 30 genes were identified as differentially expressed, and the corresponding expression levels of these genes are shown in Fig. 6 . Notably, for all except one gene (KITLG), the expression levels were higher in the EPDCs than in the CPCs. Interestingly, the CXCL genes together with CLL2, MMP1, and IL6 displayed the largest differences (Fig.  6 ). These data show that EPDCs are highly active cells and that they have the capacity to generate a large panel of biologically active paracrine factors.
DISCUSSION
The present study reports for the first time a transcriptomic comparison of human iPSC-derived CPCs and human EPDCs. In addition, we also assessed the effect on gene expression of culturing these cells under hypoxic versus normoxic conditions, which, could be argued, is a more physiologically rele- vant situation for cardiac progenitors in vivo, especially during a situation of cardiac injury when the cells become activated. The results presented here provide valuable insights into the molecular machinery operating at the transcriptional level in these progenitor populations. Notably, the impact of hypoxic vs normoxic culture conditions appears to be relatively modest, at least judging by the minor changes in gene expression observed between those experimental conditions. Both CPCs and EPDCs represent cell populations that could be used for drug discovery as shown in our recent report on the use of CPCs in phenotypic screening (9) . In recent years, phenotypic screening has been repopularized, and two key reports have shown the importance of phenotypic screening to discover novel, first-in-class drugs (10, 36) . In areas of novel biology where there is limited knowledge of potential pathways and targets for disease intervention, screening compounds in an unbiased fashion on disease-relevant cells for the phenotype of interest is particularly attractive (41) . This approach permits the discovery of novel biological targets and compounds, as well as compounds showing new mechanisms of action or polypharmacology. The cells most representative of human physiology are human primary or human iPSCderived cells, and hence, they should be used where possible in phenotypic screening campaigns (11). However, a major chal- lenge is the ability to isolate sufficient quantities of primary cells, thus prohibiting screening of large compound collections. In our study we used human primary EPDCs isolated from patients undergoing cardiac surgery and iPSC-derived CPCs, because of the major challenge of isolating validated adult human CPCs.
Employment of human stem cell derived cells as well as primary cells isolated from human tissues for in vitro applications requires a thorough understanding of the characteristics of each cell population. As well as enhancing our knowledge of the biology of each cell type, this understanding also aids compound selection, as compound numbers are often limited in phenotypic screens, and downstream target engagement and biomarker discovery. This understanding includes key cell markers to follow the phenotype of the cells during handling, including passaging, plating, and treating with compounds and also understanding of the key pathways and gene expression profile of the cells. The use of primary human cells from healthy and diseased individuals rightly raises concerns of donor variability. To address this, cells from several donors should be used to validate hits and mechanisms, and we therefore performed the transcriptomic analysis across multiple EPDC donors for comparison. In addition, cells should be treated in as close to a physiologically relevant situation as possible, and therefore we were also interested in the differences between normoxia (how we would handle the cells and perform the screen) and hypoxia (the potentially more relevant situation of the cells in vivo). Our data Fig. 5 . A: response from the hypoxic stimulation showed a small fraction of genes with changed expression after the hypoxia treatment. In total 36 genes from the CPCs and 16 genes from the EPDCs showed at least 50% increase in gene expression, in each of the replicated samples. As shown in the Venn diagram, 5 of these genes were upregulated in both the CPCs and in the EPDCs. In total, 4 genes, 2 in the CPCs and 2 in the EPDCs, were identified with at least 50% repression in gene expression values in all of the replicated samples. No overlapping genes between the CPCs and the EPDCs were identified, with repressed expression after hypoxic stimulation. B: gene expression in CPCs and EPDCs under normoxia and hypoxia. Five genes show hypoxic response in both the CPCs and in the EPDCs, and the expression levels for these 5 genes in all replicates, before and after hypoxia stimulation, are shown in the graph. All 5 genes show upregulated expression with at least 50% after hypoxic stimulation. Blue bars represent CPCs, and green bars represent EPDCs. The genes indicated in boldface represent those that are induced in both the CPCs and in the EPDCs after hypoxia stimulation. The columns to the right show the fold change (FC) values across the different CPC batches.
suggest that hypoxia does not have a dramatic effect on the phenotype of the cells, as only minor changes in gene expression were observed, primarily related to a small number of genes involved in cell survival and glycolysis. These results help to validate that running screens under normoxic conditions should still provide relevant read-outs, at least for these cell populations.
The five genes that were upregulated during hypoxia in both CPCs and EPDCs in our experimental conditions (Fig. 5B ) have all been previously identified as hypoxia-responsive genes in other cell types. Notably, the levels of the stressresponsive protein AK4 have been reported to be increased in cultured embryonic kidney cells exposed to hypoxia (22) . Furthermore, in response to hypoxia, hypoxia-inducible factor (HIF)-1␣ has been shown to upregulate the transcript level of the glycolytic enzyme ALDOC as well as BNIP3 in cardiomyocytes, which is important in the cardiomyocyte death pathway (13, 42) . The enzyme PGK1 and the glucose transporter SLC2A1 (GLUT1) are also directly regulated by HIF-1␣ (24) , and, in our study, these genes are upregulated in both CPCs and EPDCs after the hypoxic stimulation.
CPCs and EPDCs are two distinct cell populations. Our results revealed a differential pattern of gene expression in these two cell types. In CPCs, the majority of enriched genes are involved in DNA synthesis and nuclear and cell division, suggesting CPCs are highly proliferative. Genes related to regulation of cardiomyocyte action potential and contraction are also enriched in CPCs, indicating that these cells are at least partially committed to the cardiomyocyte lineage. In contrast, in EPDCs a large fraction of the enriched genes include those involved in the apoptotic pathway, regulation of inflammatory signaling, and vascular development. The EPDCs have been extensively characterized EPDCs up to passage 12 and are stable in culture. Thus, the appearance of the upregulated apoptotic genes is unlikely to be due to culture conditions, but, rather, we suggest that these cells are prone to apoptosis. Alternatively, the relatively higher number of genes related to apoptosis could also be an artifact of comparing primary cells to ones that have been reprogrammed to a pluripotent state. After acute MI, there is marked increase in the number of EPDCs, based on the expression of WT-1, which rapidly declines in the following days, suggesting that in the in vivo situation EPDCs disappear at a high rate, either from apoptosis or their differentiation into myofibroblasts with downregulated expression of WT-1. As shown in our results, EPDCs produce a lot of proinflammatory factors that may promote apoptosis of these cells. It is interesting to note that several of the genes that are expressed at significantly higher levels in EPDCs compared with CPCs belong to the chemokine family (e.g., IL1B, CXCL6, IL6, CXCL8, CCL2, and IL33). This prompted us to perform a more focused analysis of a number of paracrine factors to explore further the similarities and differences between CPCs and EPDCs. From this analysis (Fig. 6 ), it appears that EPDCs are more capable of producing soluble factors that may influence the growth and functional activities of nearby cells expressing the receptors for these factors and may also play a role in the inflammatory process post-MI. These results are in line with the notion that the epicardium is providing key factors to nurture growth of the developing heart as well as during injury-induced cardiac regeneration (25) .
The development of novel strategies to increase cardiomyocyte renewal and repair is of great importance for the treatment of cardiac diseases. It is intriguing to speculate about the possible use of EPDCs and CPCs for future cardiac regenerative medicine, and two main avenues have been envisioned. One is the opportunity to isolate and expand ex vivo large quantities of progenitor cells that subsequently can be transplanted into the injured myocardium to aid repair, acting through various mechanisms to replenish new cardiomyocytes and blood vessels. There are, however, a number of challenges that need to be addressed before this becomes a clinical reality (32) . The other alternative is to take The genes indicated in boldface represent those that are induced in both the EPDCs and in the CPCs after hypoxia stimulation. The columns to the right show the FC values across the EPDC donors.
advantage of progenitor cells residing in the adult heart and through pharmacological means activate those cells to promote cardiac repair. Recently, Zangi et al. (44) reported that intramyocardial injection of modified RNA encoding human VEGF-A increased the proliferation and differentiation of EPDCs toward endothelial cells, resulting in improved cardiac function and myocardial outcome after MI in mice. A recent study also suggests the intriguing possibility of directly reprogramming fibroblasts into CPCs using a set of defined factors (20) . Although these data are promising, further studies are needed to determine if these results are translatable to the human system, and also the therapeutic opportunity in the clinical setting must be carefully evaluated from efficacy and safety perspectives.
Taken together, the data presented here provide further understanding of the characteristics of human iPSC-derived CPCs and human EPDCs. The differential gene expression profile of CPCs and EPDCs suggests that they may play different roles in cardiac homeostasis and post-MI repair, and an additive or synergistic effect may be achieved by activating both CPCs and EPDCs. Importantly, the gene expression profiles are affected only to a very minor degree by culturing the cells in hypoxic conditions, which, from a practical perspective, greatly simplifies the handling of the cells during experimental interrogations. Finally, it is also interesting to note that under the experimental conditions used here, the EPDCs appear to have the capacity to generate more paracrine factors compared with CPCs. Representative model systems, based on human cells, will pave the way for further advancements toward the development of novel interventions for cardiac regeneration.
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